The identification, characterization and quantification of post-translational modifications (PTMs) in proteins are a major challenge in the field of proteomics (Heazlewood, [@B10]). Protein glycosylation is one of the most commonly occurring PTMs with estimates of around 50% of the cellular proteome predicted to be glycosylated (Van den Steen et al., [@B38]). As well as being a commonly occurring PTM, protein glycosylation is one of the more difficult protein modifications to investigate due to the heterogeneity of the glycan structure (Song et al., [@B33]). Indeed, the examination of protein glycosylation is further complicated by the variations in the glycan structure (glycoforms) that can occur on a given polypeptide (Rudd and Dwek, [@B24]). Aberrations in protein glycosylation result in severe developmental abnormalities in diverse species including mammals (Furuichi et al., [@B7]) and plants (Lerouxel et al., [@B13]). Protein glycosylation primarily occurs in the secretory system (ER and Golgi) and can result in functional changes, influence subcellular localization, and protein stability (Oxley et al., [@B21]; Zhou et al., [@B47]). Identifying and profiling protein glycosylation is thus essential to define the underlying subtleties of a complex proteome.

The application of tandem mass spectrometry (MS^n^) as a technique for the characterization of protein glycosylation has occurred for decades (Reddy et al., [@B23]). However, it has been the development of proteomics-based MS that has enabled the high-throughput analyses of protein glycosylation (glycoproteomics) to occur (Morelle and Michalski, [@B18]; Zhou et al., [@B48]; Zielinska et al., [@B49]). To secure peptide sequences, these high-throughput approaches usually require the enzymatic removal of the glycan prior to analysis by MS (Zhang and Aebersold, [@B44]), thus losing information on the glycan structure and the specific site of glycosylation. The removal of the glycan is necessary since commonly applied fragmentation techniques produce spectra yielding information from the carbohydrate structure rather than the peptide backbone. This is generally due to the labile nature of the glycan moiety (Ruiz-May et al., [@B26]; Saba et al., [@B27]) and without removal of the glycan, it is difficult to match resultant fragmentation spectra using a standard data analysis workflow. As a result, these types of approaches have thus far dominated the area of glycoproteomics.

As with other eukaryotes, plants contain an array of glycoproteins that are mainly produced in the secretory pathway and contain both *N*- and/or *O*-linked glycan structures (Ruiz-May et al., [@B25]; Strasser, [@B35]). A number of targeted plant glycosylation studies have revealed the importance of these motifs to protein function, including enzyme activity (Kimura et al., [@B12]), thermal stability and folding (Lige et al., [@B14]), and protein solubility (Welinder and Tams, [@B39]). However, the prevalence of *O*-linked glycosylation and the diversity of *N*-glycan structures found in plant glycoproteins poses distinct challenges for their global analysis in plants (Gomord et al., [@B8]). The range of *N*-glycans identified on plant proteins are separated into three broad types; each type represents a variety of structural permutations. The high mannose type comprises structures of GlcNAc~2~Man~*5--9*~ and they mainly occur in the ER and represent immature or precursors of the complex *N*-glycan structures. The complex type of plant *N*-glycan structures represents the mature form found in the late Golgi and on extracellular proteins and have been described as comprising GlcNAc~4~Xyl~1~Fuc~1~Man~3~ to GlcNAc~4~Xyl~1~Fuc~3~Man~3~Gal~2~. Lastly, the paucimannose type represents the processing of terminal residues (GlcNAc/Fuc) from complex *N*-glycan structures resulting in a processed *N*-glycan comprising GlcNAc~2~Xyl~1~Fuc~1~Man~3~; these structures are thought to be present in vacuolar localized proteins (Rayon et al., [@B22]). Detailed knowledge about *O*-linked glycan structures found on plant proteins is still limited. The most widely studied proteins with *O*-linked glycans structures in plants are the extensins and arabinogalactan proteins (AGPs), which belong to the hydroxyproline-rich glycoprotein (HRGP) superfamily, where the *O*-glycan is mainly attached to modified Pro residues (hydroxyproline). The extensins are glycosylated on a series of adjacent hydroxyprolines with Ara~4−1~ followed by an *O*-linked Gal on a Ser residue (Gomord et al., [@B8]). In contrast, the AGPs contain large branched Gal structures also *O*-linked through hydroxyprolines that contain terminal Ara but can also include Fuc, GlcA, Rha (Nguema-Ona et al., [@B19]). The complexity and diversity of *O*-glycan structures and resulting glycopeptides derived from these *O*-linked glycoproteins has resulted in few MS-based studies; indeed their characterization usually requires a multifaceted approach (Hijazi et al., [@B11]). Consequently, we intend to address the role of complementary fragmentation techniques by MS for the characterization of *N*-glycans.

The distinct structural feature found in complex plant *N*-glycans e.g., the presence of an α-1,3-linked fucose in *N*-glycans (Tretter et al., [@B37]), has resulted in few glycoproteomic studies as the established workflows require some adaptation (Song et al., [@B34]). Consequently, the first attempt at applying the emerging glycoproteomic technologies to plant material was only undertaken a few years ago (Zielinska et al., [@B49]). Prior to this, some plant glycoproteomics had been conducted including in Arabidopsis (Minic et al., [@B17]) and tomato (Catalá et al., [@B2]), however these studies only characterized the lectin enriched sub-proteomes from these species. An attempt to characterize the modified residue and the *N*-glycan structures by MS represented the first real advancement in the area (Zhang et al., [@B46]). Using a combination of various glycoprotein enrichment strategies and informatics, 127 putative glycoproteins were identified by MS, with *N*-glycan sites and structures determined by prediction and re-analysis of MS1 scans (Zhang et al., [@B46]). Only a year later, a significant advance in the identification of *N*-glycosylation sites in plant proteins occurred as part of a large-scale survey of model eukaryotic organisms applying the developed glycoproteomic strategies (Zielinska et al., [@B49]). While a standard workflow of lectin affinity to enrich glycopeptides followed by treatment with peptide-*N*-glycosidase (PNGase) F was used for non-plant species, enriched plant glycopeptides from Arabidopsis were treated with PNGase A to remove the more complex fucose containing *N*-glycans. Significantly, removal of *N*-glycan structures was undertaken in the presence of H${}_{2}^{18}$O resulting in an isotopic signature on the modified residue. Thus, in combination with the deamidation of Asn to Asp by the PNGase reaction, both the site and presence of the *N*-glycan could be validated in the resultant peptides after analysis by MS. Over 2000 *N*-glycosylation sites were mapped to Arabidopsis proteins by this study, however, no structural information about the glycans was achieved (Zielinska et al., [@B49]). While lectin enrichment of glycans has been widely employed in glycoproteomic studies, complementary technologies have been developed including the enrichment of glycopeptides by crosslinking chemically activated carbohydrates to hydrazide beads (Zhang et al., [@B45]). The technique has been applied to plant samples (Arabidopsis) to both assess the specificity of PNGase (F and A) and profile *N*-glycans from wild-type and the *cgl N*-glycosylation mutant (Song et al., [@B34]). A total of 330 glycopeptides from 173 Arabidopsis proteins were identified using this approach. Surprisingly, it was found that the activities of commercially available PNGase A were ineffective with glycoproteomic workflows and that the identified glycopeptides were likely to have harbored immature or mannose-type glycans, like those found in the Arabidopsis *cgl* mutant (Song et al., [@B34]). It should be noted that this ineffective removal of complex *N*-glycans with PNGase A occurred with enriched glycopeptide fractions rather than with glycoproteins, which are known to be difficult to digest with PNGases. The focus in plant glycoproteomics has thus far mainly concentrated on the reference plant Arabidopsis with about 2500 *N*-glycan sites mapped (Mann et al., [@B15]). Nonetheless, the small number of glycoproteomic studies undertaken in plants and the limited species analyzed indicate that the current workflows are providing limited opportunities to study plant glycoproteomes and new or complementary approaches need to be explored.

The development of different fragmentation techniques available in the current generation of MS instruments may provide an alternative approach to the limitations of current glycoproteomic procedures (Scott et al., [@B28]). The most widely employed fragmentation technique in proteomic surveys to produce tandem mass spectra is collision-induced dissociation (CID). The process involves the acceleration of molecules (peptides) which are collided with a neutral gas (e.g., nitrogen) resulting in the breaking of molecular bonds and the generation of tandem mass spectra (Sleno and Volmer, [@B29]). The term CID generally encompasses trap-type (derived from an ion trap instrument) and beam-type \[derived from a quadrupole-time-of-flight (Q-ToF) instruments\]. With the development of the Orbitrap MS, a CID-based approach termed higher-energy collisional dissociation (HCD) was developed where fragmentation spectra are produced outside the iontrap, namely in the C-trap (Olsen et al., [@B20]). The resultant HCD fragmentation spectra are similar to those when producing CID in a Q-ToF mass spectrometer (Michalski et al., [@B16]). A further fragmentation technique used in proteomics is electron-transfer dissociation (ETD) or electron-capture dissociation (ECD) which causes fragmentation via the transfer of electrons to the gas phase ion (Zubarev et al., [@B50]; Syka et al., [@B36]). The application of ETD in proteomics is mainly associated with the analysis of PTMs since fragment ions tend to retain the modifications which are often lost in CID approaches (Wiesner et al., [@B40]). All these fragmentation techniques are now common options for most modern tandem MS.

Consequently, with the recent availability of differential MS-based fragmentation techniques, we were interested in exploring these approaches for the structural characterization of glycoproteins. The amount and purity of a specific glycoprotein is crucial for the adoption of the LC-MS^n^ approach when applying complementary fragmentation techniques. As a result, we have been using *in planta* synthesis in *Nicotiana benthamiana* to transiently express proteins with suspected *N*-glycan modifications followed by immunoprecipitation as a means to adequately enrich proteins prior to analysis by MS. Recent glycoproteomic analyses in Arabidopsis (Zielinska et al., [@B49]) had suggested that many enzymes found in the plant Golgi apparatus and involved in cell wall biosynthesis may themselves be glycosylated. Consequently, we have been attempting to identify *N*-glycans from recently characterized plant glycosyltransferases (Song et al., [@B32]) after *in planta* synthesis and immunoprecipitation. Agrobacterium harboring a construct comprising *IRREGULAR XYLEM 9* from *Asparagus* (*AoIRX9*, KJ556998) conjugated to the yellow fluorescent protein (Venus) was used to infiltrate *N. benthamiana* leaves and after 4 days, infected leaves were harvested and microsomal protein isolated. The AoIRX9 protein was enriched by immunoprecipitation with GFP-Trap® (ChromoTek) and digested with trypsin. The analysis of the digested protein lysate by standard LC-MS^n^ (CID) resulted in the identification of AoIRX9 with high sequence coverage and indicated it was considerably enriched in the lysate. The utilization of different fragmentation techniques provides complementary information to sequence a glycopeptide. For example, the utilization of ETD in combination with CID (MS^3^) has been used to produce relevant structural and sequence information from an *N*-glycopeptide (Catalina et al., [@B3]). The AoIRX9 digested lysate was analyzed by HCD and spectra manually inspected for the presence of an oxonium ion (204.09 m/z) likely derived from a HexNAc. A putative glycopeptide was identified with multiple charge states (770.94 *m/z* \[M + 5H\]^5+^, 963.43 \[M + 4H\]^4+^ and 1284.23 \[M + 3H\]^3+^) with \[M + 5H\]^5+^ the predominant form. The 770.94 m/z \[M + 5H\]^5+^ ion was subsequently analyzed using ETD to determine the peptide sequence. The three fragmentation modes, (CID, HCD, and ETD) used to characterize this enriched plant glycopeptide from AoIRX9 are outlined in Figure [1](#F1){ref-type="fig"}.

![**Fragmentation spectra of a plant glycopeptide using CID, HCD, and ETD**. An immunoprecipitated protein (AoIRX9) was digested with trypsin and analyzed by LC-MS^n^ using an Orbitrap Elite™ Hybrid Ion Trap-Orbitrap (Thermo Fisher Scientific, USA). The digested sample was analyzed in triplicate using a data-dependent acquisition method incorporating a specific activation type **(A)** CID, **(B)** HCD, and **(C)** ETD. The resultant MS^n^ data (CID) were used to confirm the presence of the purified protein in the sample. Unmatched spectra from the HCD analysis were manually inspected for the presence of oxonium ions to identify putative glycopeptides in the sample. A precursor of 770.94 *m/z* \[M+5H\]^5+^ was identified and resultant MS^n^ spectra manually inspected to determine the mass of the peptide without the *N*-glycan. The subsequent analysis of 770.94 *m/z* \[M + 5H\]^5+^ by ETD revealed the sequence of the peptide. This complementary approach identified the peptide HLTYKE[N]{.ul}FTDAKAEADHQR with a complex *N*-linked glycan comprising HexNAc~4~Pent~1~Deoxy~1~Hex~3~.](fpls-06-00674-g0001){#F1}

The application of CID (trap-type) produced poor peptide and glycan fragmentation resulting in little peptide backbone information (*b*~6~ and *y*~2~) and glycopeptide fragments with high charge states, as previously reported (Catalina et al., [@B3]; Desaire, [@B6]). The glycan derived peaks could only be assigned after analysis of the complementary fragmentation spectra was undertaken (Figure [1A](#F1){ref-type="fig"}). The HCD-derived spectra (Figure [1B](#F1){ref-type="fig"}) revealed glycan signatures, such as the HexNAc (GlcNAc) oxonium ion (204.09 *m/z*) and importantly resulted in an ion representing the mass of the peptide without the glycan structure (1137.54 *m/z* \[M + 2H\]^2+^). This information is essential for the calculation of the mass of the glycan, 1576.6 Da, corresponding to a glycan structure of HexNAc~4~Pent~1~Deoxy~1~Hex~3~, which is most likely GlcNAc~4~Xyl~1~Fuc~1~Man~3~, a commonly found plant *N*-glycan (Oxley et al., [@B21]; Song et al., [@B33]). To accurately determine the structure of the glycan, a coupled approach employing detailed analysis of fragment ions and enzymatic sequencing (e.g., exoglycosidase) are necessary (Harvey, [@B9]). Similar to CID, the HCD spectrum provides minimal information about the peptide backbone, yielding masses for *b*~2~, *y*~3~, and *y*~5~. In contrast, the ETD spectrum (Figure [1C](#F1){ref-type="fig"}) was essential for fragmenting the peptide backbone revealing virtually every *z*- and a majority of *c*-ions, enabling confirmation of the peptide sequence as has been previously demonstrated for ETD (Catalina et al., [@B3]). Lastly, the ETD spectra enabled the determination of the residue (Asn, N) where the glycan structure was attached. In this instance, only a single likely site of *N*-glycan attachment is possible, however this situation is not always the case.

A considerable bottleneck when attempting to characterize protein glycosylation by MS is the limitations of commonly used software for high confidence matching of glycopeptide fragmentation spectra (Woodin et al., [@B41]). This issue becomes even more problematic when tandem spectra are derived from fragmentation techniques such as ETD. Although there is an assortment of software options ranging from commercial to open source, each has its limitations depending on the workflow (Dallas et al., [@B5]). Nonetheless, high throughput matching of glycopeptide spectra is still a considerable challenge which requires extensive manual curation. Generally, we have found that the presence of oxonium ions by manual inspection of HCD derived spectra is still the most reliable approach, however the identity of the glycopeptide is still required. We have attempted to analyze ETD spectra derived from glycopeptides with commonly used programs such as Mascot (Matrix Science, UK), such software is often limited in the number of modifications and the expanded search space results in significant increases in processing time. Consequently, we have found that "boutique software," such as Byonic (Protein Metrics, USA) outperforms many of the more widely utilized programs for the analysis of ETD spectra containing a highly variable PTM. Overall, the issue of separate analyses e.g., HCD and ETD, the requirement to cross-reference data and variable modifications creates a complicated workflow which may be overcome in the future through software enhancements.

The application of complementary fragmentation techniques to characterize glycopeptides provides an effective approach in glycoproteomics (Desaire, [@B6]). The utilization and success of complementary fragmentation techniques for the analysis of PTMs including glycopeptides has been widely discussed (Catalina et al., [@B3]; Chi et al., [@B4]; Alley et al., [@B1]; Sobott et al., [@B31]; Snovida et al., [@B30]; Scott et al., [@B28]; Ruiz-May et al., [@B26]), however the approach is yet to be adopted by the plant proteomics community. The glycopeptide example outlined here further highlights and confirms the effectiveness of HCD and ETD in revealing crucial information necessary for the characterization of both the glycan and the peptide (Scott et al., [@B28]). The utilization of CID is generally not of great assistance, although could contribute important structural information about the glycan from resultant fragment ions. The presence of the oxonium ion derived from the glycan in the HCD spectra (e.g., HexNAc, 204.09 *m*/*z*) should enable more advanced workflows to be employed for the characterization of glycopeptides (Wu et al., [@B42]; Scott et al., [@B28]). For example, such an application could involve the presence of the oxonium ion in the HCD fragmentation spectra triggering the ETD fragmentation of the precursor (Saba et al., [@B27]). A further advancement could be gained by coupling hydrophilic interaction liquid chromatography (HILIC) as the pre-MS separation procedure (Scott et al., [@B28]). There is a clear advantage for glycopeptide separation as features like oligosaccharide branching provide the necessary requirements for hydrophilic interactions (Zauner et al., [@B43]).

Finally, with advancements in hardware, it is simple to envision future instruments that simultaneously undertake a variety of fragmentation processes during a standard proteomics workflow. This improvement would also likely result in the development of software that could better deal with this complicated workflow. Such a feature could enable a global analysis of PTMs in conjunction with protein identification and label free quantification. The example outlined above applying complementary analytical approaches will likely be an essential part of future proteomic workflows for the accurate characterization of protein structure and function.
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